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CHARACTERISTICS OF CLARK Y AIRFOILS OF SMJWL ASPECT R4TIOS

By C. H. ZxamnmarAN

SUMMARY

Th’ie report presents the Te8wli8of a 8eTie8of Win&
tunnel te8t8 showirql theforce, moment, and autorotd.Ond
characteri.hm of Clark Y airfoi-k having aspect raii.m
varyingfrom 0.6 to 3.

An airfoil of mctaqwlar plun form UXMtasted with
rectangular tip8, faired tips, and 8emtir&r tip8.
Tarh were also made on one airfoil of circulur plan

form and two airfoiii of elliptical plan form.
% tests revealed a marked delay of the stall d a

decided incrtxwe in vaJue8 of maximum lift coejicieni
and maximum redtant force co.gjbienifor aqect rdio8
of tha orckr of 1 m compared with iha vidu.esfor aspect
ratw8 of %and 3. 1%.5largest value of (?- tow 3.17
with a wing of circular plan form and an aqwt rahk
of 1.27. The sanw wing gau6 a CI,.L?5 of 1.86 d an

L/D ratio C$1.63 d .@” angle of attack.
Wings having aspect rati08 of about 1 were found to

huve rmmwni clwractetitia more favorable to 8tabi.My
than those hating larger aspect ratw8. Decrea&g tha
a.$pectratio greatly Tedd ranges and rat.% of au$oro-
tdion bawd on a given span ad air qwed. Redls,
when redwceo?to injinite aspect ratio ~ cmwenibnul
formti, indicate that such formulas are not applicable
for aped raiw8 less than 1.6. It is apparent thd the
plan form ano?tip shape of tlw wing are of major im-
portance among the factors a$ecting airfoil chwactw-
btia d aspect rgtws of 1.6 and s-mailer.

INTRODUCTION

In recent yeara there has been m increasing dem~d
for & airplane suited to the needs of the private
owner. Without going into a discuwion of the problem
it may be said that such an airplane should be capable
of descending along a steep path at such a low rate
of speed that it will be unnecessary for the pilot to
alter the direction of the flight path or the speed
when near the greund in order to make a satisfactory
landing.

The present tests were suggested by a study of
menna of obtaining such characteristics. It was
immediately apparent that it is necessary to secure a
high resnltint force coetikient and a low lift/drag
ratio at maximum resultant force eoefficiant. It was”
thought possible to derive benefit from the large

induced drag of small aspect+ratio wings when at
large values of lift coefliciant. A survey of the results
of previous investigations of the effects of varying the
sspect ratio (references 1 and 2) and of the unpublished
results of tests of flat plates with aspect ratios of 1
and 2 in the original atmospheric wind tunnel of the
National Advisory Committee for Aeronautics re-
vealed a scarcity of data for aspect ratios less than 3,
and suggested the possibility of obtaining high masi-
mum lift coefficients with wings having aspect ratios
of the order of 1.

k order to determine characteristics of small aspeck
ratio wings within the usable range, force tests were
made on Clark Y airfoils with aspect ratios varying
horn 3 to 0.5. The airfoils were tested with rectan-
gular, faired, and semicirculartipsin order to determine
the effect of tip shape upon the characteristic. la
addition to force tests at 0° yaw, autorotational tests
at 0° yaw and force tests at 20° yaw were made upon
those airfoils having aspect ratios of approximately 3
and approximately 1 to investigate the stability ch-
acteristica of low aspechratio wings. Test data on
a rectangular Clark Y airfoil of an aspect ratio of 6
were included for comparison.

MODELS AND APPARATUS

The models were constructed of laminated mahog-
any; dimensions were held within 0.01 inch of those
speciiied. The ordinates for the Clink Y airfoil section
are given in Table I. An airfoil which was rectmgular
in plan form with a 42.43-inch span and a 14.14-iuch
chord was used aa the basic model. Changea in
aspect ratio were effected by cutting off the enda of
the basic mod~l.

The faired-tip models were evolved from the basic
model by attaching the faired tips to it. (’l?ig. 1.)
The section of the faired tip is a semicircle when taken
on the plane perpendicular to the mean camber line
of the tip section of the basic model.

The semicircuhu tips are also shown in Figure 1.
The Clark Y profile was presemed from the section
having a chord of 14.14 inch~ to the section having a
chord of 5 inchw. The remainder of the tip was
ftied. Points on the upper surface of the airfoil at
the maximum thiclmess of the seetion were kept in a
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plane parallel to the plane of the bottom surface of
the bash model. The chord of each section of the tip
was kept parallel to the chord of the basic model.
Sinca the smallest aspect ratio possible with semiticu-
lar tips (circular plain form) is 1.27, elliptical wings
were made up with aspect ratios of 1 and of 0.75.
Each half of the elliptical wings dMered from the
semicircular tips in plan form only.

All tests were made in the N. A. C. A. 7 by 10 foot
tunnel on the 6-component balance and the rotation
apparatus described in reference 3.

TRSTS

The force tests were made at a dynamic pressure
corresponding to an air speed of 80 miles per hour
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RESULTS

Rcmdts are presented in the form of absolute co-
efficients. Pitching-moment coefficients are based on
the wntral chord fid refer to its quarter-chord ~oint,

‘&@es of attack and values of drag~ave been co~ected
for tunnel-wall eilect by the method given in refer-
ence 4.

For tests at OO.yaw valuea of (?” and U. are plotted
against angle of attack in Figures 2, 3, and 4, and
valuea of CPan&_L/Dare plotted against angle of attack
in Figures 5, 6, and 7. A SUIDIIWY of Vfh3S of
&az, CDminthe rdio &UZ to CDmimj~Ew, L/D ratio,
and LID at CR= plotted against aspect ratio is given
in Fi@res 8 and 9 and Table IX. Values of Ua are
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under standard atmospheric conditions, giving a
Reynolds Number of approximately 860,000 based on
the chord of 14.14 inches.

Rotation tests were made at the same air speed with
the exception of twta of the’ airfoil with circular plan
form, which, because of ita small span, had a rotational
velocity exceeding the capacity of the apparatus at the
standard air speed.

Lift, drag, and pitching moment were measured on
each airfoil at 0° yaw. The aspect ratios of the air-
foils te9ted were as follows: With the rectanguhw tips
3, 2, 1.5, 1.25, 1.0, 0.75, and 0.5; for the faired tips
3.16, 2.15, 1.65, 1.40, 1.15, 0.90, and 0.65; for the
semicinxdax tips 3.23, 2.24, 1.74, 1.51, and 1.27; for
the elliptical airfoils 1 and 0.75. All six components
were measured at 20° yaw for the airfoils having the
following aspect ratios: For the rectangular tips 3 and
1; for the faired tips 3.15 and 0.90; for the semicircular
tipS 3.23 and 1.27.

All airfoils given force tests with 20° yaw and the
elliptical airfoil with an aspect ratio of 1 were tested
for autorotation with 0° yaw. .

All six components for the wings tested at 20° yaw
are given in Tables II to VIII, inclusive. Values of
Cm,C,, and C. are plotted against UL. (l?@, 11 and
12.) The moments refer to chord axes.

The rates of stable autcrotation are expressed in

terms of ~~ and plotted against angle of attack in

Figure 13. The symbol p’ refers to angular velocity
about the longitudimd d of the tunnel.

Profile drag and the angle of attack for infinite
aspect ratio were calculated by the formulas given in
reference 5. The correction comtants for rectangular
VZ@Y were used in mtig the computations for both
rectangdar airfoils and faired-tip airfoils. The con-
stants for the very small aspect ratios were determined
by extrapolation of the curves given in reference 6,
The uncorrected formulas for elliptical wings were used
in the calculations for the wings with semicircular tips,
The values calculated are plotted against ULin Figures
14, 15, and 16.

The probable errors in measurements are as given
in reference 3.
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.

DE3CUSSION

The reader should bear in mind that results herein
discussed apply to airfoils alone and that in making
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perfommce calculations the characteristics of the
&plane as a whole must be very care-
fully taken into account.

In this dkcussion, effects of tip form
and of aspect ratio will be cotidered
concurrently to avoid repetition. The
Clark Y airfoil, bming a rectangular
plan form aud an aspect ratio of 6,
will be referred to as a standard wing
in making comparisons between the
standard wing and the airfoils with
small aspect ratios.

The tests upon the standard wing
were made at a Reynolds Number of
approximately 609,000 (80 miles per
hour, lo-inch chord). It is thought
that the difference between this value
and the value for the small aspect-
ratio wings (860,000) is not enough
to affect seriously the comparison
given in this report. However, since
nothing is known of the effect of
an increase to a Reynolds Num-
ber of the order of those common
in fright upon the characteristics of
small aspect-ratio @oils, too much

Slope of lift curve,-A survey of the curves of lift
coefficient plotted against angle of attack (figs. 2, 3,
and 4) reveals that the slope of the lift curve decreaeea
with decrease of aspect ratio much as would be pre-
dicted by theory. The discrepancies between results
observed and theory are discussed later in the section
on reduction to inihite aspect ratio.

Maximumlift coefficient,-l?retious testshave shown
d&eases of maximum lift coefficient with decreasing
aapect ratios for aspect ratios in the range from 8 to 2 ‘
(reference 1) and the present teats give similar results.
The airfoils having rectangular tips revealed a decrease
of maximum lift coefficient continuing to an aapeot
ratio of 1.5; simikw decreases for the semicircular and
the faked tips continued to aspect ratios of 1,74 and
1.40, respectively. The minimum values reached were
93 per cant for the :ectaqgular tips, 79 per cent for the
faiied tips, and 95 per taut for the semicircular tips,
baaed on the value for the standard wing. (See
fig. 8.)

Further decreases in aspect ratio gave increnma in
maximum lift coeiiicient. The maximum valuea
reached were 111 per cent, 98 per cent, nud 149 per
cent, based on the value for the standard wing, at
aspect ratios of 0.75 for the rectangular tips, 0.90 for
the faired tips, and 1.27 for the semicircular tips, re- .
spectively. These increama are the results of the delay
of the burble, caused probably by end flow. It is
apparent that tip form plays an important part in
this phenomenon.

c’

FIOUEEI&-vdatIonsof ongfeof atbmk for Jn6nIteroped mtIo ond Protie drag wfth IUtomllolerk

depende&e should not be placed on the compari-
son herein given in making performsmce calcula-
tions.

seinllcIra@tim w ymv

Maximum resultant force coefficient.-curves of
U~ plotted against aspect ratio (fig. 9) have the same
general shape as curves of t%-. Minimums of 93 per
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cent, 82 per cent, and 98 per cent, based on the value
for the standard wing, occur at aspeot ratios of 1.5,
1.40, rmd 1.74 for the rectangular tips, the faimd tips,
and the semicircular tips, respectively. Maximums of
138 per cent, 125 per cent, and 174 per cent occur at
aspect ratios of 0.75, 0.90, and 1.27, respectively. The
diilerences between the shapes of the U&= cuvw Ud
the ULW curves me due to the greater induced drag of
the low aspectaatio airfoils. The value of masimum
resultant force coefficient i9 more relevant to landing
charactmistics for steep glide ladings than the value
of maximum lift coei3icient, h such landings the
resultant force opposes the weight of the airplane, and
the coefficient is therefore a criterion of the landing
speed.

Drag coeffloients.-Curves of drag coefficient plotted
ngainst angle of attack fall w&n a fairly wide band at
angles of attack less than 20° for all wings tested. The
points for the lower aspect ratios fall near the top of
the band rd rmgleaof attack below 0° and near the lower
border of the band at anglea of attack above OO. It is
of interest to note that the airfoils of aspect ratios of
approximately 1.5 and smaller show a sharp decrease
of drag coefficient immediately aftir passing the burbre
point.

Umum drag coefficients-C!urvcs of Cti~, plottid

against aspect ratio are much as would be expected for
the rectangular and faired-tip airfoils. @g. 8.) For
each of these ty-pca the rnkchnum drag coefficient
increases with decrease of aspect ratio because of the
increasing importance of tip drag. The faired-tip
wings were found to have the lesser drag of the ‘two
for a given aspect ratio. The airfoil with semicircular
tips gave a minimum drag coefficient of 0.0161 at an
aspect ratio of 3.23, the same as did the faked-tip
airfoil at an aspect ratio of 3.15 and the rectangulm-tip
airfoil at an aspect ratio of 6. From this point the
minimum drag coefficient increased to 0.0177 at u
aspect ratio of 1.74 and remained practically the same
for all lower aspect ratios. This strange behavior is
probably due to the fact that the semicircular tips are
examples of exaggerated taper and have comparatively
small losse9 from tip effect.

Lift/drag ratio.—The curves of L/D ratio plotted
against angle of attack are nearly alike for all wings
above 25° angle of attack. (Figs. 5, 6, and 7.) The
curves between zero lift and 25° angle of attack become
flruk%rwith decrease in aspect ratio. This character-
istic indicates that the smaller aspect ratios would
require larger horsepower tQ give a fixed weighh
velocity product than would the larger aspect ratios,
that minimum gliding angles would increase with
decrease in aspect ratio, and that high rates of climb
would be very di.flicult to obtain with small akpec&
ratio wings. Deii.nite statemauts as to the amounta
of these effects would be misleading, unless d.i.ilerences
of structural weight, parasite drag, and effects of

Reynolds Number are tdcen into account very
carefully.

A curve of maximum values of L/D plotted agaimt
aspect ratio is given in Figure 9 and has a decided
positive slope, indicating much larger minimum gliding
angles for the wings alone for the small aspect ratios
as compared to those for the larger aspect ratios. Tip
effects upon this curve are slight, the semicircuhr
tips being slightly better than the rectangular tips at
aspect ratios less than 1.5 and the faired tips being
slightly worse over most of the range.

Maximum- lift/minimurn-drag ratio.-Curves of
CL=/CD.in plotted against aspect ratio (fig. 8) have
the same genend ch~aoteristics as curves of CLUIG
plotted against aspect ratio for the same tip forms.
However, the curves for the rectangular and faired
tip wings fall off much more markedly than their
rwpective CL= cu.rvw, because of the great increase
in minimum drag with decrease in aspect ratio for
these airfoils. Since the minimum drag coefficient
for the semicircular-tip wings remains practically
constant for aspect ratios leas than 1.74, the curve of
CL-/Cmi. has a decided peak, reaching a maximum
value of 104 for the aspect ratio of 1.27, as compared
with the value of 82.1 for the standard wing.

Lift/drag ratio at maximum resultzmt force,—
Another characteristic which is of importance in the
study of steep-glide kmdings is the lift/drag ratio at
maximum rmultant form coefficient for the complete
airplane; this ratio is the cotangent of the gliding angle
and therefore must be small for a steep glide. Values
of this ratio decrease with decrease of aspect ratio
horn 8.59 for the standard wing to values of about
1.2 for the aspect ratios of about 1, corresponding
to gliding anglesfor the wings alone of 8.5° and 39.8°,
respectively. The curves for the three tip shapes are
similar, the semicircular-tip wing giving somewhat
lower values than the others, especially for aspect
ratios of 1.27 and 1.5.

Center of pressure coefficient.-The center+f-pres-
sure-coe5cient curves reveil unstable ckrnctaristics
similar to those of the standard wing at low angkw of
attack, but the center of pressure does not travel as
far forward for the lower aspect ratios as for the higher
ones. (See figs. 5, 6, and 7.). It is of interest to note
that the (?9 curves of all the airfoils move forward
rapidly to am angle corresponding to the stall of the
standard wing beyond which point the canter of pres-
sure, in general, remains practically stationary until
a stall of a pfyticular wing is reached, at which point
it moves back markedly. The curve for the wing of
circular plan form (aspect ratio 1.27) is an exception
to these general statements, the center of pressure
moving much farther forward than it does for other
aspect ratios of nearly the same value.

Pitching-moment ooefflcient.-Curve9 of C. C/i
plotted against c! for representative airfoik of the
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series tested with zero sideslip (fig. 10) show the
smaller aspect ratios to have slightly smaller diving-
moment coefficients at low values of lift coefficeint
than do the higher aspect ratios. They ako have
negative slopes for vah@ of CL of 0.5 and above for
the extremely small aspect ratios. This chsxacteristio
of longitudinal stabfity of the very small aspect ratios
is firstnoticeable in the rectangular airfoil at an aspect
ratio of 1, the semicirculm-tip airfoil at an aspect
ratio of 1.5, and the faired-tip airfoil at an aspect
ratio of 0.65.

The pitching-moment+oefficient curves for the
airfoils when yawed 20° (@. 11) diiler somewhat from
those for zero sideslip. The slope of the curve for
the standard wing is positive, especially at lift coti-
cients nom CL=. The slope of the curve for the
rectanguhm wing of aspect ratio 3 & positive at small
values of CL but becomes negative before CLmazis
reached. The slopes of the curves for the airfoils
of aspect ratios of about 1 were decidedly negative
at all values of CL below the stall with the exception
of the curve for the airfoil with circular plan form.
This latter curve has a steep negative slope except
near the stall where the slope becomm practically
zero.

Rolling and yawing moment ooefflcients,-Since the
measurements were made with a negative angle of
yaw, positive ,yawing moments and negative rolling
moments are such as to restore the wing to a condition
of no yaw. All the yawing-moment coeiiicients are
small in comparison with pitching and rolling moment
coefficients for the same airfoils, but are of the order of
magnitude of yawing-moment coefficients given by
the rudder of a conventional airpleme. @ference 6.)
All the airfoiIs gave positive moments, through prac-
tically the entire range. Note that all moments refer
to chord axes.

All the airfoils exhibit unstable rolling moments at
zero lift. @lg. 12.) The rolling-momaut coefbient
for the standard wing did not become negative until a

‘ lift coefficient of 0.9 was reached. The airfoils with
smaller aspect ratios gave negative rolling moments at
much lower values of lift coefficient. They also gave
values of rolling-moment coefficient much greater
in the negative direction than did the standard wing at
all value9 of lift coefficient greater than zero.

Autorotational characteristics,-Curves of %$~’bplottid

against angle of attack reveal a decided decrease in
range and rate of autorotation based on a given span
and air speed with decrease in aspect ratio. (Fig. 13.)
The rectangular wing of aspect ratio 1, the faired-tip
wing of aspect ratio 0.90, and the elliptical wing of
aspect ratio 1 would not autorotate. It seems proba-
ble, considering the tendency toward decreased range
of autorotation and value of p’ b/!2V with decrease
of aspect ratio, that airfoils having still smaller aspect
ratios would also not autorotat6.

The airfoil of circular plan form, aspeot ratio 1,27,
showed autorotation over a small range of angles of
attack between 30° and 36°. It also autorotated
very slowly at angles of attack between 48° and 60°.
Reference to Figure 4 reveals that the range of auto-
rotation between 30° and 36° occurs at a point of
decided positive slope of the curve of lift coefficient
well below the angle of attack for the stall, and it would
seem that autorotation for this wing is a result of some
characteristic of the 3-dimensional flow rather than the
result of the revered of slope of the normal-force curve.

ILeductionto infinite aspeot ratio,-Curves of angle
of attack at infinite aspect ratio and of profile drag
plotted against UL(figs. 14, 15, and 16) show that the
theoretical correction factors can not be applied with
satisfactory results for the wings of aspect ratios of 1,6
or less. For low aspect ratios the correction factors
are too large in the case of the rectanguhw wings and
too small in the cases of the faired and semicircular-
tip wings. The tirrection factors for aspect ratios 1sss
than 1.6 are much more nearly true for the semi-
circular-tip wings than for the rectangular and faired
tip wings.

CONCLUSIONS

1. There is a range of aspect ratios extending ap-
proximately from 0.76 to 1.60 wherein end flow causes
a marked delay in the breakdown of the longitudinal
flow as the angle of attack of an airfoil is increased.

2. It is possible within this range to obtain maxi-
mum lift coefficients considerably higher than can be
obtained for an airfoil of this same section having an
aspect ratio of 6. The highest maximum lift coefli-
cient obtained in this seriesof testswas 1.86 at 46° angle
of attack for the wing with circular plan form as com-
pared with 1.24 at 14° angle of attack for the rectangu-
lar airfoil having an aspect ratio of 6.

3. The tip shape is of paramount importance among
the factors affecting the force and moment character-
istics within this range. The airfoils with semicir-
cular tips were found to be much superior to those
having rectanguk or faired tips.

4. Airfoils within this range have the characteristics
desirable for steep glide landings; namely, large values
of mminmrn resultant force coefficient and small
values L/D ratio at mtium resultant force coeffi-
cient. In this series of teats a value of &U of 2.16
with an L/D ratio of 1.33 was obtained for the ellipti-
cal wing having an aspect ratio of 1 as compared with
a value of C- of 1,.25with an LJD ratio of 8.69 for
the rectanguhw airfoil having an aspect ratio of 6.

5. Decreasing the aspect ratio decreisea the range
and rate of autorotation baaed on a given span and
air speed. The elliptical airfoil of aspeot ratio 1, the
rectangular airfoil of aapect ratio 1, and the faired-tip
airfoil of aspect ratio 0.9 would not autorotate.

6. Autorotation at anglea of attack below the stall
was found to exist in the case of the airfoil of oircukw
plan form, aspect ratio 1.27.
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7. Decreasing the aspect ratio increasea rolling-
moment coefficients in the stable senm when yawed.

8. Decreasing the aspect ratio tends to improve
static longitudinal stability characteristics of an airfoil
when not yawed and also when yawed 20°.

9, Additional experiments should be carried out to
determine the effects of Reynolds Number, airfoil
section, plan form, and tip shape within the range of
aspect ratios from 0.76 to 1.50.

10. A theoretical study should be made of the 3-
dimemional air flow about airfoils having small aspect
ratios.
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ORDINATES OF C*cY$~D~ION IN PER CENT TABLE IV

LIFT, CROSS-WIND FORCE
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